Consecutive patients (n = 201) undergoing evaluation for suspected coronary artery disease (CAD) with stress myocardial perfusion positron emission tomography, serum troponin, and transthoracic echocardiography who did not have flow-limiting CAD or reduced left ventricular ejection fraction were identified. Patients were followed up (median 4.1 years) for cardiovascular death and hospitalization for non-fatal myocardial infarction or heart failure. Coronary flow reserve was quantified as stress/rest myocardial blood flow. Early diastolic flow (E) and relaxation (e 0 ) velocities were obtained via transmitral and tissue Doppler, respectively. Patients with impaired CFR (<2, n = 108) demonstrated linearly decreasing e 0 and increasing E/e 0 consistent with worsening diastolic function (P for trend <0.0001). A detectable troponin was associated with diastolic dysfunction only in the presence of impaired CFR (interaction P = 0.002). In adjusted analyses, impaired CFR was independently associated with diastolic dysfunction (E/e
Introduction
Despite its escalating prevalence worldwide, heart failure with preserved ejection fraction (HFpEF) remains a poorly understood clinical syndrome without effective targeted therapies. 1, 2 Although the presence of elevated left ventricular (LV) filling pressure, as a function of increased myocardial stiffness, is thought to be a hallmark of HFpEF, diastolic dysfunction as assessed by echocardiography has not been a unifying feature of patients with HFpEF 3 and may be ubiquitous in older individuals. 4 The association of detectable levels of cardiac troponins, signifying subclinical cardiomyocyte injury, with incident heart failure events in patients without overt acute coronary syndromes or cardiac structural abnormalities 5 underscores that a complex pathophysiology may underlie HFpEF. Recent discussions 2,6-8 have implicated coronary microvascular dysfunction (CMD) as a possible driver in HFpEF, but clinical data supporting this hypothesis are limited by few cross-sectional observations. 9, 10 Coronary flow reserve (CFR), quantified as the ratio of hyperemic to rest myocardial blood flow, is a functional measure of large-and small-vessel ischaemia, and in the absence of overt coronary artery disease (CAD), is a marker of CMD. 11, 12 CFR measurements by noninvasive cardiac positron emission tomography (PET) imaging distinguish patients at low or high risk for major adverse cardiovascular events (MACE), including cardiac death, 13, 14 beyond comprehensive clinical assessment, left ventricular ejection fraction (LVEF), traditional measures of stress-induced ischaemia, and angiographic CAD severity. 15 In patients with stable CAD and preserved LVEF, chronic circulating levels of high-sensitivity troponins have been associated with increased incidence of cardiovascular death and heart failure, 5 but the mechanism for this increased risk is unclear. In otherwise low-risk patients with anginal symptoms and minimally elevated troponin, only those with CMD demonstrated significant risk of adverse events. 16 Coronary microvascular ischaemia leading to cardiomyocyte injury and myocardial stiffness may play an important role in the pathophysiology of HFpEF.
To date, the relationship between CMD, myocardial injury, diastolic dysfunction, and future risk of HFpEF in symptomatic patients without overt CAD is not known. We sought to test the hypothesis that HFpEF is a disorder of cardiac functional reserve in which (i) CMD, as measured by impaired CFR, is associated with diastolic dysfunction, especially in patients with detectable myocardial injury and (ii) both coronary microvascular and diastolic dysfunctions are independently associated with adverse cardiovascular events, especially HFpEF.
Methods

Study population
Study participants were consecutive patients without prior history of CAD who were undergoing evaluation for suspected CAD with stress cardiac PET, serum cardiac troponin testing, and transthoracic echocardiography at Brigham and Women's Hospital between 1 January 2006 and 31 July 2011. The most common indication for testing was the evaluation of chest pain, dyspnoea, or their combination. Patient history, medication use, and select laboratory values were ascertained at the time of PET imaging. From 522 patients, a final cohort of 201 was established after excluding those with known CAD, including prior revascularization and/or myocardial infarction, prior history of heart failure or severe valvular disease, and PET evidence of flow-limiting CAD (semiquantitative perfusion summed stress score > 2) or LVEF < 40%. No patients with positive troponin demonstrated a rise and fall of troponin values in concert with ECG changes or symptoms to prompt an early invasive clinical strategy of angiography and revascularization for an acute coronary syndrome. The study population therefore included patients in whom significant CAD was ruled out by conventional clinical diagnostics. The estimated glomerular filtration rate (eGFR) was determined with the abbreviated Modification of Diet in Renal Disease formula. The study was approved by the Partners Healthcare Institutional Review Board and conducted in accordance with institutional guidelines.
Positron emission tomography imaging
Patients were imaged with a whole-body PET-computed tomography scanner (Discovery RX or STE LightSpeed 64, GE Healthcare, Milwaukee, WI, USA) with 82 Rb (1480-2200 MBq) as the flow tracer at rest and pharmacological stress, as previously described. 17 Computed tomography was used for the purpose of attenuation correction only. For semiquantitative assessment of myocardial scarring and ischaemia, 17-segment visual interpretation of gated myocardial perfusion images was performed by experienced operators using a standard five-point scoring system. Summed rest, stress, and difference scores, with higher scores reflecting larger areas of myocardial scar, scar plus ischaemia, or ischaemia, respectively, were computed; summed stress scores < _2 were considered normal. 18 Rest LVEFs were calculated from gated myocardial perfusion images with commercially available software (Corridor4DM; Ann Arbor, MI, USA). Absolute global myocardial blood flow (MBF, in mL/min/g) was quantified at rest and at peak hyperaemia using automated factor analysis and a validated two-compartment kinetic model, as previously described. 17 Coronary hyperaemia was achieved predominantly through regadenoson or dipyridamole-induced vasodilation. Per-patient global CFR was calculated as the ratio of stress to rest absolute MBF for the whole left ventricle. Rest MBF and CFR were corrected for rest rate-pressure product (heart rate Â systolic blood pressure), an index of baseline cardiac work. Radiation exposure per study was < _4.6 mSV. Quantitative measures of CFR were recorded by a single operator blinded to patient data and obtained in patients undergoing PET myocardial perfusion at no additional clinical cost, imaging time, or radiation exposure.
Echocardiography
All patients underwent clinically indicated transthoracic echocardiography within median 1.5 days (Q1-Q3 0.6-7.3) of PET imaging. The most common indication for echocardiography was the evaluation of dyspnoea. There were no intervening cardiovascular events between echocardiography and PET imaging. Resting two-dimensional transthoracic echocardiograms were performed and analysed using standard clinical techniques. Early (E) diastolic transmitral filling velocities were measured at the mitral leaflet tips by pulsed-wave Doppler, and spectral tissue Doppler imaging was used to obtain early (e 0 ) diastolic relaxation velocities at the septal and lateral mitral annulus from the apical four-chamber view. 19 These measures were used to calculate E/e 0 . All measurements were averaged over consecutive cardiac cycles at end-expiration (3 and 5 beats for patients in sinus rhythm and atrial fibrillation, respectively) and recorded by a single experienced operator blinded to patient data.
Serum cardiac troponins
All patients underwent serial assessment of serum cardiac troponin using the clinically available local assay within 14 days prior to PET imaging. Serial assessment involved three consecutive blood draws approximately every 6-8 h over a 24-h period. Diagnostics) with reference range <0.01 mg/L reflecting a 99th percentile cut-off point of less than 0.01 mg/L. Values above the reference range indicated detectable troponin. The peak value from serial assessment for each patient was used.
Outcomes
Subjects were followed up for a median of 4.1 years (Q1-Q3 1.4-6.6) for the occurrence of MACE, including cardiovascular death and hospitalization for non-fatal myocardial infarction or heart failure. The date of the last consultation was used to determine follow-up. Time to first event was analysed. Ascertainment of clinical endpoints was determined by blinded expert committee adjudication of the integrated electronic longitudinal medical record, Partners Healthcare Research Patient Data Registry, the National Death Index, mail surveys, and telephone calls. For an event to be classified as admission for non-fatal myocardial infarction or heart failure, discharge with a primary hospitalization diagnosis of myocardial infarction or heart failure, respectively, was required. In addition, only events meeting the 2012 Third Universal Definition of Myocardial Infarction 20 or defined clinical criteria for the presence of symptoms, signs, and escalation of therapy for heart failure 2 were classified as such.
All hospitalization events occurred more than 30 days following imaging.
Statistical analysis
Baseline characteristics are reported as rates with percentages (%) for categorical variables and medians with interquartile ranges for continuous variables. We used the Fisher's exact test and the Wilcoxon rank-sum test to assess the differences in categorical and continuous baseline characteristics. Spearman's correlation was used to describe the association between the continuous variables of CFR and e 0 or E/e 0 , in the overall cohort and also stratified by troponin detectability. Linear regression models of e 0 and E/e 0 were used to evaluate for significant interactions between CFR and troponin detectability. Restricted cubic splines were used to model a non-linear relationship between CFR and diastolic dysfunction. Impaired CFR was defined as CFR < 2, which is associated with worse cardiovascular outcomes in patients undergoing evaluation for suspected CAD 14 and approximately served as a median cut point in this clinical cohort. A positive peak troponin value (e.g. above the reference range for the specific assay) was used as a dichotomous variable to accommodate the three different assays with varying detection thresholds in clinical use throughout the study period. Logistic regression was used to assess for the independent relationship between impaired CFR and E/e 0 septal > 15, an established non-invasive marker of elevated LV filling pressures (and stand-alone evidence of diastolic LV function 21 ) in patients with suspected cardiac disease. 19 Candidate variables tested included demographic characteristics, medical history and medication use, and non-invasive imaging parameters, with the most clinically important covariates or significant univariable associations included in the multivariable model. To avoid overfitting, demographic and medical history variables (age, gender, chest pain, type, hypertension, diabetes, hyperlipidaemia, smoking history, family history of premature CAD, body mass index, and oestrogen status) were incorporated into the final model using a validated pretest clinical risk score for diagnosing significant CAD (with values 0-8, 9-15, and 16-24 indicating low, intermediate, and high pretest risk, respectively), as previously described. 22 Results are shown for e 0 septal , but similar findings were obtained for e 0 lateral . Cumulative event-free survival curves for the MACE endpoint of cardiovascular death or hospitalization for non-fatal myocardial infarction or heart failure, as well as HFpEF hospitalization alone, were compared across dichotomous categories of impaired CFR using the log-rank test. Cox proportional hazards models were used to examine the association between impaired CFR and outcome events after controlling for effects of clinically important covariates. Univariate associations were tested and Cox models sequentially added pretest clinical score and laboratory and imaging variables, with the collinearity index used to check for linear combinations among covariates, and the Akaike information criterion assessed to avoid overfitting. The proportional hazards assumption was confirmed with the use of martingale residuals. The final model with impaired CFR and elevated E/e 0 was adjusted for pretest clinical score, history of atrial fibrillation, reduced eGFR, detectable troponin, and LVEF. Interaction terms for CFR and diastolic dysfunction were tested for significance in the adjusted model. To further investigate the presence of effect modification between coronary microvascular ischaemia and diastolic dysfunction on HFpEF outcomes, we performed an exploratory analysis where we stratified patients by impaired CFR and diastolic dysfunction. Event-free survival curves were compared across dichotomous categories with the log-rank test and plotted after adjustment for pretest clinical score and troponin detectability. Binary categories of e 0 (high vs. low) were defined according to patient age (<50 years, e 0 septal > 7 vs. < _7 cm; 50-64 years, >6 vs. < _6 cm; > _65 yo, >5 vs. < _5 cm). 4 Finally, Poisson regression was performed to compute annualized rates of HFpEF across categories of CMD and diastolic dysfunction. Model fit was assessed with the goodness-of-fit v 2 test, with a non-significant result indicating adequate fit. A P-value of <0.05 was considered to indicate statistical significance, and all tests were twosided. The SAS analysis system version 9.4 was used for all analyses (SAS Institute).
Results
Baseline characteristics
Distribution of baseline characteristics is shown by categories of preserved vs. impaired CFR ( Table 1) . The median (Q1-Q3) age of patients in the overall cohort was 66 (57-79) years, 65% were women, 50% were White, and median pretest clinical score was 12 (9-15), consistent with intermediate risk. Three-quarters of patients had history of hypertension, and nearly two-thirds and one-third had dyslipidaemia and diabetes mellitus, respectively. The median (Q1-Q3) LVEF was 60% (55-63%) by echocardiogram and 61% (54-67%) by PET, and 25% of patients had a troponin value minimally elevated above the reference range of the clinical assay. Compared to patients with preserved CFR, those with impaired CFR (<2, n = 108) had higher rates of detectable troponin (18.3 vs. 31.5%, P = 0.03) and worse diastolic function, including both lower e 0 and higher E/e 0 (P < 0.01 for both, septal and lateral).
Association between coronary flow reserve and markers of diastolic dysfunction
There was a direct relationship between CFR and e 0 and an inverse relationship between CFR and E/e 0 (P for trend <0.0001 for both), such that diastolic function declined in patients with CFR < 2 ( Figure 1) . Stratifying patients by troponin detectability revealed a significant interaction between troponin and CFR on diastolic function (P for interaction P = 0.026 and 0.002 for e 0 and E/e 0 , respectively), with stronger correlations observed between CFR and e 0 (r s = 0.49, Figure S1 ). In univariable analysis, there was a significant association between impaired CFR and elevated E/e 0 septal > 15 (odds ratio for CFR < 2, 3.06, 95% CI 1.56-6.02, P = 0.001). In multivariable logistic regression modelling incorporating pretest clinical score, age, history of atrial fibrillation, reduced eGFR, LVEF, detectable troponin and impaired CFR, this association remained significant for impaired CFR (odds ratio 2.58, 95% CI 1.22-5.48, P = 0.01) (Figure 2 
Coronary flow reserve, diastolic dysfunction, and cardiovascular events
During follow-up over a median of 4.1 years (Q1-Q3, 1.4-6.6 years), 51 patients met the primary composite endpoint of cardiovascular death or hospitalization for non-fatal myocardial infarction or heart failure ( Table 2 ). All hospitalization events occurred >30 days following imaging. These included 36 patients admitted for heart failure, all in the setting of preserved ejection fraction. In univariable modelling, the cumulative rate of MACE or HFpEF hospitalization was significantly associated with impaired CFR (hazard ratio for CFR < 2, 2.86; 95% CI 1.52-5.41; P = 0.001 for MACE and 3.01; 95% CI 1.41-6.44; P = 0.005 for HFpEF hospitalization). These associations remained significant after the addition of clinically and statistically important covariates into a multivariable model, including pretest clinical score, age, history of atrial fibrillation, reduced eGFR, detectable troponin, LVEF, and E/e 0 septal >15 (adjusted hazard ratio for CFR < 2, 2.38; 95% CI 1.21-4.67; P = 0.01 for MACE and 2.47; 95% CI 1.09-5.62; P = 0.03 for HFpEF hospitalization) ( Table 3) . Accordingly, patients with impaired CFR experienced worse event-free survival in comparison to those with preserved CFR, in composite MACE ( Figure 3A) or HFpEF hospitalization ( Figure 3B ). Impaired CFR, here reflecting CMD, was as strongly associated with MACE and HFpEF events as non-invasive measures of elevated cardiac filling pressures (adjusted hazard ratio for E/e 0 septal >15, 2.24; 95% CI 1.18-4.27; P = 0.01 for MACE and 2.32; 95% CI 1.09-4.91; P = 0.03 for HFpEF hospitalization) ( Table 3) .
In an exploratory analysis of the relationship between CFR, diastolic dysfunction, and HFpEF hospitalization, we stratified probability of HFpEF hospitalization by CFR and diastolic dysfunction. In stratified analysis, those patients with elevated E/e 0 and impaired CFR experienced the highest cumulative rate of HFpEF hospitalization (P < 0.001 unadjusted and adjusted for pretest clinical score and detectable troponin) ( Figure 4A and B) . The adjusted annualized rate of HFpEF hospitalization in this subgroup was 14.6% when compared with 2-3% for all other subgroups (P < 0.001) ( Figure 4C ). Findings were similar for reduced e 0 (adjusted for age) and impaired CFR, where CFR further modified the effect of e 0 on future risk of HFpEF hospitalization (P for interaction = 0.03, see Supplementary material online, Figure S2 ). Thus, for the same apparent level of diastolic dysfunction, patients with coronary microvascular ischaemia demonstrated a greater than five-fold increased risk of HFpEF hospitalization.
Discussion
We demonstrate that in symptomatic patients without flow-limiting epicardial CAD, impaired CFR is independently associated with diastolic dysfunction and adverse cardiovascular outcomes, including HFpEF hospitalization. The latter was observed even after adjustment for the presence of detectable myocardial injury and diastolic dysfunction. CFR < 2, here reflecting CMD, was as strongly associated with MACE and HFpEF events as was E/e 0 septal > 15, a non-invasive echocardiographic marker with high specificity for increased LV filling pressures. After adjusting for clinical covariates and a detectable troponin, we show that the risk of HFpEF was significantly increased only in those patients with both diastolic dysfunction and impaired CFR. Finally, we provide evidence via significant interactions for effect modification of the association between: (i) myocardial injury and CMD on diastolic dysfunction, including noninvasive measures of impaired cardiac relaxation and elevated filling pressures, and (ii) diastolic function and CMD on future risk of HFpEF hospitalization. Angina without obstructive CAD has been associated with increased risk of MACE. 23 In the setting of increased oxygen demand, impaired CFR, even absent obstructive CAD, reflects downstream myocardial ischaemia from an upset supply-demand relationship, which may predispose the myocardium to injury and worsened global ventricular mechanics and dysfunction. Our data demonstrate that coronary microvascular ischaemia was independently associated with diastolic dysfunction and that a detectable troponin was significantly associated with diastolic dysfunction only in the presence of coronary microvascular ischaemia. This suggests that factors tipping the balance towards cardiomyocyte injury in patients with existing CMD may worsen myocardial mechanics and increase risk of HFpEF outcomes, even absent overt structural abnormalities or obstructive CAD (Take home figure) . In particular, microvascular endothelial dysfunction, decreased nitric oxide bioavailability, and increased profibrotic cytokine signaling may contribute to reduced coronary microvascular density or rarefaction, and increased myocardial fibrosis observed in HFpEF. 6, 24 Such an interplay of insults-precisely in the comorbid population of older, hypertensive, diabetic, and frequently female patients at risk for chronic kidney disease and atrial fibrillation as reflected in this study cohort-may synergize to propagate the vascular-ventricular stiffening thought to be central to the emerging epidemic of HFpEF. 8, 25, 26 We found that in the presence of coronary microvascular ischaemia, a detectable troponin was associated with exacerbated diastolic dysfunction, and patients with CFR < 2 and E/e 0 septal > 15 demonstrated a greater than five-fold increased adjusted risk of HFpEF hospitalization. These findings support a likely interplay of chronic CMD and subclinical myocardial injury in the pathway to diastolic dysfunction and HFpEF outcomes. They also advance prior observations that chronic circulating levels of high-sensitivity troponins are associated with increased incidence of cardiovascular death or heart failure (but not acute coronary syndromes) in patients with stable CAD and preserved LVEF, 5 and that impaired CFR is independently associated with detectable troponin levels and modifies their effect on adverse outcomes in otherwise low-risk patients without obstructive CAD. 16 The pathway to heart failure in patients without overt CAD and Time to first event was analysed. Myocardial infarction or heart failure denotes hospitalization for myocardial infarction or heart failure, respectively. All hospitalization events occurred >30 days following imaging. endothelial dysfunction, and increased cardiomyocyte oxygen demand with ensuing microvascular ischaemia, myocardial injury, 16 interstitial fibrosis, 28, 29 and impaired cardiac mechanics 6 (Take home figure) . Clearer understanding of the relationship between coronary vasomotor dysfunction and CAD co-morbid conditions, including ischaemia with no obstructive CAD (INOCA), 25, 30 and heart failure 1 may guide development of novel systemic therapies to restore coronary vascular function, especially for HFpEF outcomes.
Study limitations
This study must be interpreted in the context of its single-centre observational design, in which patients were clinically referred for PET myocardial perfusion imaging with echocardiography and serial cardiac troponin assessment. Despite best attempts at multivariable adjustment of associations, unmeasured confounding is possible. Our modest sample size limits extensive subgroup analysis, particularly for specific outcomes, and high-sensitivity troponin assays were not available. The study cohort was specifically defined Myocardial infarction or heart failure denotes hospitalization for myocardial infarction or heart failure, respectively. All heart failure hospitalizations occurred in the setting of preserved ejection fraction. so as to exclude flow-limiting CAD, by excluding patients with prior myocardial infarction, coronary revascularization, and abnormal semiquantitative perfusion using a stringent cut-off of SSS > 2 on index PET stress imaging, one of the most sensitive and diagnostically accurate tests available for non-invasive evaluation of ischaemia. 31 Coronary microvascular dysfunction was therefore defined as the presence of impaired CFR in the absence of flowlimiting CAD. CFR results, which were not available to referring clinicians at the time of testing, did not affect downstream management decisions. To minimize overt structural abnormalities, we also excluded patients with cardiomoypathy or severe valvular disease. Recognizing important limitations, this hypothesis-generating work links the associations of functional biomarkers of coronary microvascular ischaemia, cardiomyocyte injury, and diastolic dysfunction with cardiovascular outcomes, particularly HFpEF, in symptomatic patients without flow-limiting CAD.
Conclusions
In symptomatic patients without overt CAD and with preserved LVEF, impaired CFR was independently associated with diastolic dysfunction and future MACE, especially HFpEF events. Impaired CFR also modified the effect of a detectable troponin on diastolic dysfunction severity. Independently of troponin, patients with both diastolic dysfunction and impaired CFR demonstrated a greater than five-fold increased risk of HFpEF hospitalization. Coronary microvascular ischaemia, alongside myocardial stiffness, may play an important role 
